Slag cement concrete offers many advantages that lead to its intensive use in the Construction Industry in Belgium but it would present a higher sensitivity to cracking at early ages than Portland cement concrete. This preliminary study focuses on the evolution of autogenous and drying shrinkage and their effect on cracking sensitivity at early ages of slag cement concretes. Moreover, the influence of an extra period of the curing time on the total shrinkage is also underlined.
INTRODUCTION
In Belgium, slag cement concrete (slag cement is known in Europe as CEM III cement type) is used for all kinds of civil engineering structures. By comparison with a concrete containing Portland cement (known as CEM I in European standards), slag cement concrete presents many advantages: a lower hydration heat, a lower permeability, a reduced risk of alkali-silica reaction. Moreover, since this cement consists of clinker and slag, its cost is lower than the cost of a Portland cement that consists solely of clinker. Because of the Protocol of Kyoto, the use of concretes formulated with slag cements is spreading worldwide. Indeed, the production of this cement is more respectful of the environment because it requires less energy and rejects less carbon dioxide emissions in the atmosphere than the production of Portland cement. Besides, it valorises the blast furnace slag that is a by-product of the steel industry. But, for some of these structures built in Belgium, like tanks in waste water treatment plants, which are built in several concreting phases (large walls on heavy slab), it has sometimes been observed that the use of CEM III concrete presents an increased risk of early age cracking under restrained deformations conditions. Indeed, if the shrinkage of the concrete is restrained, tensile stresses will develop from the beginning of the hardening. When the tensile stresses exceed the tensile strength of the material, cracking appears. But the development with time presents two counteracting effects: when the maturity increases, the strength of concrete increases also, which reduces the risk of cracking; but the modulus of elasticity increases too, and therefore the constraint induced by the deformation becomes more and more important, which in turn increases the risk of cracking. This damage is harmful for the durability and the serviceability of the structure. To control these aspects, it is essential to be able to model the early age behaviour under restrained conditions of concretes containing slag cement.
The objective of this paper is to present the first experimental results of an experimental research on the early age behaviour of CEM III concretes and to compare it with the early age behaviour of CEM I concretes of similar mixtures and long-term strength.
EXPERIMENTAL METHODS
The experimental program concentrates on the study of free and restrained shrinkage. In the first part, the free shrinkage is measured on cylindrical specimens (with diameter 150mm and height 600mm) according to the recommendations issued by committee RILEM TC-107 [1] and the first measurement is taken just after the removal from the mould (typically at one day of age). Samples are either sealed by two sheets of epoxy aluminium and adhesive for the study of the autogenous shrinkage, or exposed to drying at a temperature of 20°C and a relative humidity of 53% for the study of the drying shrinkage. Moreover, the loss of mass of these samples is also recorded. In the second part, we study the effect of restrained shrinkage by means of ring tests according the provisional AASHTO standard [2] . These tests allow comparing the susceptibility to cracking of different concrete mixture proportions in restrained conditions. The experimental device consists of a steel ring around whose a concrete ring is poured in three successive layers (Fig.1) . With this form, the problem of the boundary conditions of the specimens is removed. This test simulates the behaviour of an infinitely long structure subjected to restraint. After removing the lateral face of the mould, the top face of the specimens is sealed and the side surface is exposed to the ambient air. The samples are kept in the same environmental conditions that prevail for the free drying shrinkage specimens, namely at a temperature of 20°C and in a relative humidity of 53%. With its hardening, the concrete will contract, but the associated deformation will be largely restrained by the presence of the steel ring. This induces in the concrete ring the development of tensile stresses that are able to lead to the cracking of the specimen. Simultaneously, circumferential compressive stresses built up in the steel ring. Circumferential steel strains are measured by means of four resistive strain gauges symmetrically bonded at mid height on the interior face of the steel ring.
MATERIALS
Two types of slag cement were tested: a CEM III/A cement and a CEM III/B cement. "III/A" means that the slag content may vary between 36 to 65 % in mass while "III/B" means that the slag content lies between 66 and 80% of slag. Concretes formulated with these slag cements are compared with concretes formulated with CEM I (Portland) cements characterized by similar rheological properties and similar 28d compressive strength. The P3 (see Table 1 ) and S3 (see Table 2 ) mixes are high performance concretes used for the building of actual bridges in Belgium. Moreover, the SFA-1 concrete was also used for the construction of a large wastewater treatment plant where heavy cracking of the walls was observed when the forms were removed. The P1, S1 and SFA concretes whose mix compositions are given in either Table 1 or 2 were submitted to tests to characterize their free shrinkage and their behaviour under the restrained conditions of the ring-test. The S1, S3 and P3 concretes submitted to drying were preserved in moist conditions before exposure to drying during various durations: 1, 4, 14 or 372 days. 
RESULTS AND DISCUSSION

Compressive strength
The compressive strength allows partially to determinate the concrete ability to resist selfstresses development due to the shrinkage evolution. Indeed, this ability also depends on the stiffness development within the material. The compressive strength evolution for the slag cement concrete S3 (Fig.2) is lower than for the Portland cement concrete P3, but this difference is smaller for the concretes P1 and S1. Moreover, their compressive strength at 28 days is almost identical. Thus, the compressive strength of the slag cement concrete seems to increase more slowly during the first days, which leads to a larger cracking risk at early age due to the development of shrinkage. This weak compressive strength of the slag cement concrete is linked to the evolution of the hydration reaction of this type of cement [3, 4] . Indeed, this reaction is composed of two sub reactions: a clinker reaction and pozzolanic reactions whose hydration products fill the matrix porosity and increase the strength of this concrete. During the first seven days, the compressive strength evolution kinetic of the slag cement concrete is slower than the kinetic of the Portland cement concrete. Thus, the slag cement concrete presents a larger risk of cracking at early age for similar self-stresses.
International
Free autogenous and drying shrinkage
The comparison of the free shrinkage of high performance concretes P3 and S3 allows observing definitely a larger shrinkage of the slag cement concrete (S3) (Fig.3 ). At 7 days, the total shrinkage of the slag cement concrete S3 (334 μm/m) is twice the total shrinkage of the Portland cement concrete P3 (170 μm/m). At 28 days, the total shrinkage is already large: 470 μm/m for mix S3 and 286 μm/m for mix P3. This difference in the total shrinkage is attributed to the difference in the autogenous shrinkage behaviour. Indeed, the magnitude of the autogenous shrinkage is much larger for the concrete S3 than for the concrete P3. At 7 days, the autogenous shrinkage of the slag cement concrete S3 (190 μm/m) is equal to 60% of the total deformation. This value is also about three times larger than the value of the autogenous shrinkage of the Portland cement concrete P3 (68 μm/m) that contributes only to 40% of the total deformation of the Portland cement concrete P3. This difference in the autogenous shrinkage evolution between slag (S3) and Portland (P3) cement concretes increases with time. At 28 days, the autogenous shrinkage is almost constant (80 μm/m) for the Portland cement concrete P3 whereas it increases to 286 μm/m for the slag cement concrete S3. The larger autogenous shrinkage values of the slag cement concrete are probably related to the microstructure and to the porosity of the material. Indeed, the slag cement concrete is characterized by a larger volume of C-S-H gel and exhibits a finer pore capillary structure than that of the Portland cement concrete. This induces an increase in the internal depressions creating a larger autogenous shrinkage [5, 6] . This larger deformation may also be noticed for the slag cement concretes SFA-1 (Fig.3) . At 7 days, its autogenous shrinkage value is 177 μm/m. This large value is probably linked to the large quantity of slag in the cement matrix (Table 2 ). This observation is in agreement with results reported in the literature [7, 9] suggesting that the autogenous shrinkage increases with the quantity of slag in the cement matrix.
Moreover, the evolution of the drying shrinkage of the specimens also exhibits a difference between the behaviours of slag and Portland cement concretes (Fig.3) . During the first 15 days, the drying shrinkage is slightly larger for the concrete S3 than the concrete P3. Indeed, the slower kinetic of the hydration reaction of the slag cement concrete leads to a larger quantity of free water within the slag cement matrix. When the concrete specimen is exposed to drying, moisture diffusion is faster for the slag cement concrete because a larger water rate is available for desiccation in its cement matrix than for the Portland cement concrete. Indeed, the moisture gradient between the concrete specimen and its environment is larger for the slag cement concrete S3 than for the Portland cement concrete P3.
4.3
Restrained shrinkage The difference of behaviour between slag and Portland cement concretes is confirmed by the deformation evolution under restrained conditions in the ring tests. In our ring tests, we never observed any cracking of the rings in Portland cement concrete even after several months. Contrarily, all rings in slag cement concretes lead to cracking. For example, the SFA concrete rings cracked at an age comprised between 15 days (for SFA-1) and 60 days (for SFA-2) (Fig.4) . The other slag cement concrete rings cracked between 35 and 45 days for the S1 concrete. The analysis of these experimental results suggests that the slag cement concrete is more prone to cracking at early age than the Portland cement concrete. Lokhorst [12] obtained similar results with a concrete with a CEM III/B 42.5 LH HS cement and a W/B ratio equal to 0.5 submitted at a same temperature history than a Portland cement concrete. In his case, the deformation of the specimens was fully restrained in a Stress-TemperatureTesting-machine allowing to measure deformations at early age. 
Curing duration effect
In this preliminary study, the concretes S1, S3 and P3 were exposed to drying after different curing durations. This parameter will influence the kinetic of the total shrinkage and the evolution of the loss of mass. For the S3 mix, three ages for the exposure to drying were considered: 1, 14 and 372 days (Fig.5) . After 1 day of exposure to drying, the total shrinkage is 5 times larger for the concrete S3 exposed to drying at 1 day than for the concrete S3 exposed to drying at 14 days (17 μm/m). This different behaviour remains in time: after 7 days of exposure to drying, the total shrinkage is 333 μm/m for a curing duration of 1 day, 53 μm/m for a curing duration of 14 days and 37 μm/m for a curing duration of 372 days. At 28 days, the total shrinkage of a specimen exposed to drying at 1 day (470 μm/m) is already four times larger than the deformation exhibited by the concrete exposed to drying at 14 days (116 μm/m). Globally, a clear difference in the evolution kinetic of the total shrinkage is observed between a curing duration of 1 day and 14 or 372 days.
Moreover, the curing duration effect on the total shrinkage kinetic also depends on the type of cement. This observation is confirmed by a comparison between slag and Portland cement concretes with a similar W/B exposed to drying at 1 and 14 days (Fig.5) . After 1 day of exposure to drying, the concrete S3 submitted to a curing of 14 days exhibits a lower total shrinkage than the concrete P3 exposed to drying at the same age. For this last mix, the total shrinkage value is 72 µm/m after 7 days of exposure to drying and 160 µm/m after 28 days of exposure to drying. The corresponding values for the S3 mix at the same times are 52 µm/m and 116 µm/m. Thus, the total shrinkage is clearly reduced by prolonging the curing duration (Fig.5 ) and the self-stresses decrease within cement matrix. In this case, the slag cement concrete also exhibits a lower total porosity than the Portland cement concrete [10, 11] . The age at exposure to drying influences strongly the moisture exchange between the concrete and its environment (Fig.6) . At 1 day, the mass loss of the concrete S3 exposed to drying at 1 day is 19 times larger than the mass loss of the concretes S3 and P3 exposed to drying at 14 days, and 3 times larger than the mass loss of the concrete P3 exposed to drying at 1 day. This last variation is less noticeable for the concretes S1 and P1 exposed to drying at 1 day. Moreover, the concrete S1 exposed to drying at 4 days will exhibit a similar mass loss evolution than the concrete P3 exposed to drying at 1 day. Thus, an extra period of curing time would imply a decrease in moisture exchange towards the environment for all kinds of concrete. The intensity of the moisture diffusion may be characterized by the directing coefficient (ΔP/Δln(t-ts)) of the straight lines that represents the variations of mass in function of ln(t-ts). This moisture diffusion velocity (Ve) is directly influenced by the curing duration (Fig.7) . Indeed, an extra period of curing time generated a slower diffusion kinetic for the S1, S3 and P3 concretes. This moisture diffusion velocity of high strength concretes (P3 and S3 mixes) is also less large because their free water rate is smaller than the one of the S1 concrete. Thus, the moisture exchanges between the specimen and its environment would depend principally on the free water rate of concrete at the time of exposure to drying.
CONCLUSIONS
Our experimental results allowed highlighting a difference in the behaviour of slag and Portland cement concretes when comparing their compression strength and shrinkage evolutions. The quicker kinetic evolution of autogenous shrinkage and the slower development of compressive strength at early age are probably responsible for a larger sensitivity of the slag cement concrete to cracking as confirmed by the results of the ring tests. Actually, all concrete rings with slag cement concrete cracked between 15 and 60 days while none of the concrete rings with Portland cement cracked even after several months. Extending the duration of curing reduces the total shrinkage development of slag cement concrete. These preliminary results will be completed by an experimental study of fundamental parameters such as the advancement degree of hydration reactions linked to microstructure and water rate evolutions of material, the tensile creep, the relaxation, the autogenous shrinkage (with a device measuring the deformation from the casting time), the degree of restraint (with a TSTM device) allowing to characterize the slag cement concrete and mechanisms that may lead to early age cracking.
